Abstract We examine interseismic coupling of the Manila subduction zone and fault activity in the Luzon area using a block model constrained by GPS data collected from 1998 to 2015. Estimated long-term slip rates along the Manila subduction zone show a gradual southward decrease from 90-100 mm/yr at the northwest tip of Luzon to 65-80 mm/yr at the southern portion of the Manila Trench. We provide two block models (models A and B) to illustrate possible realizations of coupling along the Manila Trench, which may be used to infer future earthquake rupture scenarios. Model A shows a low coupling ratio of 0.34 offshore western Luzon and continuous creeping on the plate interface at latitudes 18-19°N. Model B includes the North Luzon Trough Fault and shows prevalent coupling on the plate interface with a coupling ratio of 0.48. Both models fit GPS velocities well, although they have significantly different tectonic implications. The accumulated strain along the Manila subduction zone at latitudes 15-19°N could be balanced by earthquakes with composite magnitudes of M w 8.8-9.2, assuming recurrence intervals of 500-1000 years. GPS observations are consistent with full locking of the majority of active faults in Luzon to a depth of 20 km. Inferred moments of large inland earthquakes in Luzon fall in the range of M w 6.9-7.6 assuming a recurrence interval of 100 years.
Introduction
The Manila subduction zone is located at the plate boundary where the Sunda Plate (SP) converges obliquely with the Philippine Sea Plate (PSP) at a rate of 83-94 mm/yr [Sella et al., 2002; Kreemer et al., 2003] (Figure 1a ). The convergence rate between SP and PSP is among the highest in the world and is accommodated by two opposite-polarity subduction zones: the east dipping Manila Trench to the west and the west dipping Philippine Trench and the East Luzon Trough to the east [Fitch, 1972; Karig, 1973] . Subduction along the Manila Trench is hindered in the central Philippines by the collision between the continental Palawan block and Mindoro [Aurelio, 2000] (Figure 1a ). Due to oblique subduction, accumulated strain is partitioned between the Manila subduction zone and the Philippine Fault (Figure 1 ), a major sinistral strike-slip fault system extending 1300 km from northern Luzon to Mindanao [Barrier et al., 1991; Aurelio, 2000] .
Historical seismicity over the past century has been characterized by infrequent large earthquakes along the Manila subduction zone (Figure 2a ). Luzon was colonized by the Spanish beginning in 1560, and no earthquakes with magnitude larger than 8 have been reported since then [Megawati et al., 2009] . Recent seismicity from the Global Centroid Moment Tensor (GCMT) Project between 1976 and 2014 shows a paucity of large earthquakes as well (Figure 2b ). Two major earthquakes have occurred in this region, including the 1990 M s 7.8 Luzon, Philippines earthquake and 2006 M w 7.2 Pingtung earthquake offshore southern Taiwan. The 1990 earthquake ruptured the left-lateral Philippine Fault and generated a surface rupture more than 100 km long [Yoshida and Abe, 1992] . On the other hand, the 2006 Pingtung, Taiwan earthquake is associated with a west dipping normal fault, with a hypocentral depth of 44 km. This earthquake may be associated with the bending of the subducting lithosphere .
understanding of the processes that contribute to observed deformation, we deployed 31 continuous GPS stations (cGPSs) since 2008 and increased the survey-mode station density by a factor of 2 in central and northern Luzon (Figure 1b) . The newly collected GPS data allow us to develop a more detailed model taking into account the complex fault systems in Luzon and adjacent subduction zones.
Here we examine interseismic coupling of the Manila subduction zone and the Luzon area using a spherical block model constrained by dense GPS measurements that have been collected since 2008. This method simultaneously estimates microplate (block) rotations and elastic strain accumulation associated with the earthquake cycle. We attempt to assess spatially variable coupling along the Manila Trench and slip-deficit rates on major faults in Luzon. Using geodetically constrained slip rate models, we evaluate the moment accumulation rates and the maximum size of potential future earthquakes on major faults. Additionally, the slip vectors of large earthquakes can provide a complementary view of the relative motion between plate To characterize regional tectonic motion, we transform ITRF2008 velocities into the Sunda-fixed reference frame [Simons et al., 2007] . The station velocities with respect to the Sunda Plate are about 60-90 mm/yr in the west-northwest (WNW) to northwest (NW) directions and gradually decrease from north to south and east to west. The error ellipses indicate the 67% confidence intervals of GPS velocities. The black lines indicate the major active faults. A-A′ to D-D′ are four EW trending transects of GPS velocities in Figure 4 with widths of 150, 130, 60, and 110 km, respectively. The inset shows the regional geography and tectonic setting.
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boundary faults [Minster and Jordan, 1978] . We also examine the strain rate tensor from the sum of earthquake moment tensors and compare these values with our block modeling results, with the assumption that slip deficit inferred from seismic strain rate and plate convergence rate is indicative of the strain budget in the plate boundary zone.
Tectonic Setting
The Philippines is the product of the Neogene collision between the Sunda Plate (SP) and the Philippine Sea Plate. It is composed of a mosaic of ophiolites, marginal basins, continental fragments, and magmatic arc terranes accreted during Tertiary [Karig, 1983; Barrier et al., 1991] . This collision led to the development of two volcanic chains, which are separated by 50 km just north of Luzon (latitudes 18°N) and converge near latitudes 20°N (Figure 1a ). The western chain is composed of volcanic rocks of Miocene to Pliocene, whereas the eastern chain is composed of primary Quaternary volcanoes [Yang et al., 1996] . [Bautista, 1996; Bautista and Oike, 2000; Bautista and Bautista, 2004] . The color indicates the focal depths, and the size of the circle is proportional to the magnitude. (b) Earthquake focal mechanisms with depths shallower than 50 km between 1976 and 2014 from GCMT. The color denotes the different focal mechanism types shown on the top left corner. The box at the top right shows the vector circuit between the plate convergence, slip-deficit, and seismic slip rates. The focal mechanism indicates the composite moment tensor given by the sum of moment tensors in the black box. NLT: North Luzon Trough; WTL: West Luzon Trough; PHF: Philippine Fault.
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Luzon is primary composed of N-S trending morphostructrural units [Pinet and Stephan, 1990; Ringenbach et al., 1990] . The NW-SE trending Philippine Fault in central Luzon cuts across N-S trending structures and separates the Central Cordillera, Cagayan Basin, and Northern Sierra Madre to the NE from the Zambales Range, Central Valley Basin, and Southern Sierra Madre to the SW (Figure 1 ). The Central Cordillera and the Southern Sierra Madre are both formed by an Oligocene-Miocene volcanic-plutonic axis [Wolfe, 1981] . The E-W offset of 80-100 km between these two mountain ranges reflects the minimum cumulative left-lateral motion along the Philippine Fault in central Luzon [Pinet and Stephan, 1990] . The Central Cordillera, with a height of up to 3000 m, corresponds to the uplift and tectonized magmatic arc associated with the Manila subduction zone [Ringenbach et al., 1990] . In northern Luzon, the Cagayan Basin is a north-south trending interarc basin in which 10 km of marine, transitional marine, and fluvial sediments have been deposited since the Oligocene [Mathisen, 1981] . The Northern Sierra Madre Mountains are composed primarily of andesitic rocks, with early Tertiary metavolcanic and metasedimentary beds in marginal areas. The Central Valley Basin contains late Eocene to recent sedimentary fill which reaches 14 km thickness in its central part [Pinet and Stephan, 1990] . The Zambales Range is composed of Eocene ophiolite, and a much larger Eocene ophiolite basement is likely to extend eastward underneath the Central Valley Basin and into the Southern Sierra Madre.
Data
Geological Data
The active fault map of Philippines (http://www.phivolcs.dost.gov.ph/) compiled by Philippine Institute of Volcanology and Seismology (PHIVOLCS) is used to guide the locations of block-bounding faults considered in the modeling (Figure 1a ). Major active faults in the study area include the left-lateral Philippine Fault system, Northern Cordillera Fault, and Vigan-Aggao Fault (Figure 1a) . The Vigan-Aggao Fault is located at the boundary between highly deformed Mesozoic ophiolite and a paleo-basin filled with a thick late Eocene to Miocene sedimentary sequence [Pinet and Stephan, 1990] . Little is known of the Northern Cordillera Fault due to its inaccessibility.
In Luzon, the Philippine Fault is characterized by a complex braided system of left-lateral strike-slip strands [Ringenbach et al., 1993] . The main splays from east to west are the Digdig Fault, Dalton Fault, Abra River Fault, and Tubao Fault. The Digdig Fault ruptured for about 120 km during the M s 7.8, 16 July 1990 earthquake. The average coseismic left-lateral slip was estimated to be 5.4 m based on a seismic inversion [Yoshida and Abe, 1992] and 5.5-6.5 m from a geodetic inversion . The Abra River Fault, the main splay of the Philippine Fault in northern Luzon, separates the deformed infill from the strongly uplifted pre-late Miocene basement rocks on the west side from the basement disconformably overlain by the Miocene-Pliocene sequence on the east side [Ringenbach et al., 1990] . The left-lateral Pugo Fault and Tebbo Fault bound South Central Cordillera to the west and east, respectively [Aurelio et al., 2009] . Except for the Philippine Fault in central Luzon, detailed studies of the long-term slip rates on most faults are hampered by the lack of data and geological complications. Estimates of slip rate on the Digdig Fault segment are 9-17 mm/yr based on geological and paleoseismological data [Daligdig, 1997] .
GPS Data
The GPS network in Luzon was established in late 1995 and first measured in 1996 by the Institute of Earth Sciences, Academia Sinica, Taiwan, in collaboration with PHIVOLCS, Philippines [Yu et al., 1999] . The network was initially composed of 15 stations, and 16 additional stations were added into the network in central and southern Luzon between 1998 and 1999. Subsequent GPS surveys were done annually until 2000. Three additional campaigns were conducted in 2004, 2006, and 2008 . New continuous GPS (cGPS) sites have been constructed since 2008, and the current network is composed of 31 continuous (including an International Global Navigation Satellite Systems Service (IGS) site, PIMO) and 53 survey-mode sites in Luzon (Figure 1b) . The typical cGPS site in Luzon is equipped with a dual-frequency geodetic GPS receiver, an antenna, and batteries with charger for backup electric power. The antennas are mounted on stainless steel rods installed on concrete buildings or in bedrock for cGPS stations. We record data with a 30 s sampling rate. For the survey-mode sites, we conduct repeated surveys using a tripod system with calibrated optical plummet and collect data for 2-3 days at each station with a 30 s sampling rate.
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The collected GPS data from 1998 to 2015 are processed with the GAMIT 10.42/GLOBK 5.16 software packages [Herring et al., 2002] using the double-differenced ionosphere-free carrier phase observations (L3) as the basic observables. The residual tropospheric zenith delay is estimated every 2 h per station simultaneously with the station coordinates by a least squares adjustment. To obtain a more accurate and consistent regional deformation pattern in Luzon, we use GPS data from 13 International Global Navigation Satellite Systems Service (IGS) sites in the Asia-Pacific region ( Figure 3 ) and 7 sites from Taiwan continuous GPS Array; these observations are incorporated with those from the Luzon sites in the data processing. A welldistributed subset of IGS Reference Frame stations, called the IGb08 core network, is used for alignment of our regional solutions to the IGb08 Reference Frame (IGSMails 6354 and 6663 [Rebischung et al., 2012] ).
The velocity of each cGPS site is calculated from the time series of station position through a model by removing outliers and systematic errors. The model includes a linear rate, annual, and semiannual periodic motions and offsets caused by coseismic jumps and instrument changes. The cGPS data used in this study are shown in Figure S1 in the supporting information and Table 1 . We also consider noise characteristics in time series of station position as a combination of white noise and flicker noise [Zhang et al., 1997; Mao et al., 1999; Nikolaidis, 2002; Williams, 2003] . A more realistic noise model can give a better estimate of the full covariance [Altamimi et al., 2011] , are listed in Table 1 . Due to insufficient data north of latitude 19.5°N, we choose to study deformation predominately in Luzon and adjacent offshore areas ( Figure 2b ).
Additionally, we try to better constrain the motion of the Sunda Plate and select 13 cGPS sites ( Figure 3 ) located outside the deforming region of the Sunda Plate from Simons et al. [2007] according to the results in Global Strain Rate Map Project (http://gsrm.unavco.org/model/). The GPS velocities from Simons et al. [2007] are converted into the ITRF2008 reference frame and are used together with our data for block modeling (Table 1) .
To better visualize the spatial gradient of GPS velocities, we show GPS velocity components in four EW trending transects from north to south (A-A′ to D-D′; Figure 1b) . The E-W velocity components show a slight eastward increase of about 3 mm/yr on the profile A-A′ but an eastward decrease increase farther south, from À5 mm/yr on the profile B-B′ to À20 mm/yr on the D-D′ (Figure 4 ). An eastward increase of the N-S velocity component is found at all transects. The differential northward motion at sites located on each side of Luzon increases from 20 mm/yr on the transect A-A′ to 30 mm/yr on the transect D-D′. Vertical velocities are mostly within ±5 mm/yr, except for a few sites showing large subsidence due to groundwater withdrawal (Figures 4 and S1). In addition, we examine whether any slow slip events emerge from cGPS daily position time series at sites along the Manila subduction zone (Figures S1 and S2) but find no significant signal, perhaps due to the lack of cGPS sites near the trench axis, long duration of aseismic transients, or infrequent slow slip events on the plate interface fault.
Earthquake Data
We use earthquake moment tensor solutions determined by GCMT from 1976 to 2014 to study the seismogenic behavior in this region ( Figure 2b ). Abundant normal-faulting events have occurred near trench axis between the southern tip of Taiwan and northern Luzon. We find a cluster of thrust-faulting earthquakes near the North Luzon Trough and a few thrust events near the Scarborough Seamount that are possibly associated with subducted seafloor roughness Wang and Bilek, 2014] . Several thrust-faulting earthquakes occurred near the East Luzon Trough, suggesting that this structure is seismically active. Strike-slip faulting events predominately occur adjacent to the Philippine Fault in central Luzon and to the east of the North Luzon Trough. Here we use a total of 126 events ( Figure 2b , black box) to calculate the summed moment tensor.
We also use an earthquake catalog from PHIVOLCS covering the period of 1900-2014 ( Figure 2a ). Detailed description of the methodology in determining the location and magnitude of historical earthquakes can be found in earlier studies [Bautista, 1996; Bautista and Oike, 2000; Bautista and Bautista, 2004] . The PHIVOLCS catalog contains a mixture of local magnitudes (M L ), body wave magnitudes (M b ), and surface wave magnitudes (M s ) ranging from 0 to 8.3 between latitudes 12°N and 20°N. Despite the inclusion of historical events, which could introduce inaccurate locations and magnitudes, a longer record of earthquake history provides in general a better estimate of earthquake recurrence intervals as described in section 6.3. Earthquakes from GCMT and PHIVOLCS catalogs show consistency in spatial distribution ( Figure 2 ). In addition, Bautista et al. [2001] inferred a slab tear near latitudes 17-18°N as evidenced by the observed gap in strain energy release at depths of 65-300 km and the abrupt change in slab dip from shallow to steep seen in seismicity ( Figure S3 ). Intermediate depth earthquakes occur again south of latitude 16°N and deep seismicity can be found between 14°N and 15°N [Bautista et al., 2001] (Figures 2a and S3 ).
Methods
Block Modeling
Linear spherical block theory is a method for decomposing the crustal motion into contributions from the rotation of multiple crustal blocks (microplates), homogeneous intrablock strain, and elastic deformation due to fault slip at block boundaries [McCaffrey, 2002; Wallace et al., 2007; Meade and Loveless, 2009a; Loveless and Meade, 2010] . We use the observed GPS velocity field and a specified block geometry to simultaneously estimate the rotation vectors of crustal blocks and slip-deficit rates on the Manila Trench, which we represent with a continuous mesh of triangular dislocation elements (TDEs). We do not consider intrablock strain because the blocks in Luzon are sufficiently small that estimation of internal strain does not provide a substantially improved fit to GPS data. Long-term fault slip rates are given by projecting relative rotation rates of adjacent blocks onto the bounding fault geometries. We assume that block-bounding faults are fully coupled down to a prescribed locking depth, so that the slip-deficit rate is equal to the long-term slip rate. On the Manila Trench TDEs, we define the spatially variable fault coupling ratio, c, as slip-deficit rate normalized by long-term slip rate. A value of c = 0 suggests that the TDE is creeping and c = 1 means that the fault is fully coupled. A negative value of c implies that fault slip is faster than the plate convergence rate, which could be interpreted as an ongoing or long-term aseismic transient.
We define a number of tectonic blocks guided by the plate boundary geometry, the active fault map of the Philippines from PHIVOLCS (http://www.phivolcs.dost.gov.ph/), GPS data, seismicity, bathymetry, and topography (Figures 3 and 5) . Plate boundary faults include the Manila Trench, the East Luzon Trough, and the Philippine Trench. The geometry of the Manila subduction zone is constrained by the seismicity from 1973 to 2014 at the Bulletin of the International Seismological Center and the trace of the Manila Trench on the seafloor ( Figure S4 ). The slab dips 10°-20°on northern section of the Manila subduction zone and steepens to 20°-50°near Mindoro, where the subduction process ceases. Bending of the slab near latitudes 17-18°N and latitudes 15°N is related to a slab tear suggested in Bautista et al. [2001] and by the pattern of seismicity ( Figure S3 ). The Manila megathrust extends to a depth of 70 km, and about 95% of earthquake focal depths are shallower than this depth. Due to a complex slab geometry, we use a single continuous mesh constructed of TDEs to represent the Manila subduction zone and estimate variable slip-deficit rates on the subduction fault. In one variant of the model, we also consider a fault, North Luzon Trough Fault (NLTF), cut through the NLT and connected from the NW tip of Luzon to trench axis as illustrated from the bathymetry (Figure 1a ). This fault could be the extension of the Philippine Fault [Armada et al., 2012] or accommodates the deformation due to the bending of the Manila Trench and/or offsets of the fore-arc basins ( Figure 1a ). The NLTF, East Luzon Trough, and the Philippine subduction zone are modeled using rectangular fault patches, each with a single estimated slip rate.
Major crustal faults in the study area include the left-lateral Philippine Fault system, Northern Cordillera Fault, and Vigan-Aggao Fault [Pinet, 1990] (Figure 1a ). In Luzon, we consider the Digdig, Dalton, Abra River, Tebbo, Tubao, and Pugo Faults as splays of the Philippine Fault system. Given small distances between the Tebbo and Pugo Faults, and insufficient GPS observations, we represent these closely spaced, subparallel faults with a single trace, the Tubao Fault, to characterize the cumulative deformation across these structures. A tight constraint is imposed for the slip rate on the Digdig Fault to be consistent with the long-term geological slip rate (~15 mm/yr).
We use ITRF2008 velocities to estimate block motions and TDE slip-deficit rates by minimizing residuals between observed and predicted velocities, while simultaneously applying a spatial smoothing constraint on the TDE slip deficits. We impose a zero slip-deficit (creeping) on the deep extent of the Manila subduction zone and full coupling on the lateral extents of the triangular mesh (north of latitude 20°N and south of latitude 14°N). The rationale for full coupling on the lateral extents is that the rectangular segments of the subduction zone adjacent to the meshed region are inherently presumed to be fully coupled, and it is reasonable to introduce a smooth transition from the rectangular segments to the triangular mesh. We test multiple block geometries by adjusting the parameters of major bounding faults constrained by geological data. We vary locking depths from 10 to 25 km on the Philippine Fault system and find that a depth of 20 km gives the minimum residual GPS velocity. Since the locking depth and dip are not well constrained by geological data on the east dipping Vigan-Aggao Fault, we search a wide range of fault parameters to find the optimal solution. Estimates of dip and locking depth are 60°and 20 km, respectively, on the Vigan-Aggao Fault.
At the same time, we test a range of weights applied to the spatial smoothing constraint on the Manila subduction interface, seeking solutions that minimize negative slip deficit (suggesting persistent aseismic slip), and show a good alignment between the rake of slip-deficit and the long-term plate motion in strongly coupled regions. We impose a spatially variable smoothing constraint, inversely proportional to the spatial resolution of slip deficit on the Manila Trench. We calculate this resolution by summing the magnitude of the partial derivatives that relate unit slip on the triangular elements to the displacement at the surface (Figure 6a ) [Loveless and Meade, 2011] . In general, the spatial resolution is highest beneath the coastline and lowest for triangular fault patches near trench axis. The relation between the average GPS velocity misfit and strength of the smoothness constraint on the plate interface is shown in Figure S5 . It appears that there is less trade-off between the prescribed strength of the smoothing constraint and the average misfit because of the full-coupling constraints we impose on the north and south edges of the triangular mesh, although we find broad consistency in results from models without the full-coupling constraints on the lateral extent of the Manila Trench. We choose a smoothing value of 1600 in model A. Plate coupling patterns with different smoothing values can be found in Figure S6 .
We estimate creep on the Manila subduction interface offshore the NW tip of Luzon shown in model A (Figure 6 ). To produce an alternative model with dominantly thrust-sense slip deficit on the Manila subduction zone, suggesting coupling rather than persistent creeping as shown in model A, we segment the subduction zone by introducing the North Luzon Trough Fault from the NW tip of Luzon to trench axis as illustrated from the bathymetry (Figure 1a ) and marine geophysical data [Armada et al., 2012] . By adding this fault in the block modeling, the normal-sense slip deficit becomes subtle on the Manila subduction zone and the plate interface is about 50% coupled. We use a similar approach as used for model A to choose smoothing parameters. The preferred model with a smoothing value of 1600 is named as model B. Both models fit GPS velocities well but have significantly different tectonic implications. Given insufficient cGPS and marine geophysical data offshore northern Luzon, we present results from both models and discuss how assumed fault geometries of block models affect the tectonic interpretation.
Relative Block Motion From Moment Tensors
We adopt the approach proposed by Ekström and England [1989] for estimating the relative motion between two deforming regions based on the summation of earthquake moment tensors. Our goal is to compare the rates and configurations of seismic deformation determined from earthquake moment tensors with the plate convergence rate derived from geodetic data. According to Kostrov's relation [Kostrov, 1974] , the correspondence between surface strain accumulation and scalar moment accumulation can be derived using the average strain rate tensor and the moment rate tensor within a volume. If all of the strain in a volume V is seismic, the average strain rate tensor _ ε ij can be written as
where μ is the rigidity and M ij is the ij component of the moment tensor of the nth earthquake that occurs in the volume. Ekström and England [1989] assumed that if the deformation in a given region is simply accommodated by the relative motion of two rigid blocks, and there is no gradient in the direction parallel to the strike of the block boundary and no shear on horizontal planes, the strain rate tensor can be written as
where Y is the width of the deformation zone in the direction of n; n is the unit vector normal to the boundary; 1, 2, and 3 correspond to east, north, and up, respectively; v is the relative velocity between two blocks; and u is the unit vector of v. Combining equations (1) and (2), the moment rate tensor is
where X is the length of deforming block perpendicular to n and Z (the thickness of seismogenic zone). Assuming that μ is equivalent to 30 GPa and values of X and Z can be determined from the distribution of seismicity, we can solve for the speed and azimuth of the relative velocity between two block and the azimuth of the deforming boundary by rotating equation (3) into the coordinate frame in that minimizes the difference between the four horizontal components of the observed seismic moment rate tensor and those in equation (3). Due to the ambiguity arising from n and u being interchangeable in equation (3) [Ekström and England, 1989] , n is specified with an angle of ±30°to the normal direction of the Manila Trench and u ranges from 0°to 360°with an interval of 2°. The amplitude of the relative velocity, ν, is solved from using the ratio between the scalar moment rate (the summation of earthquake scalar moments in the specified region dividing by the time interval of the catalogue) and the product of μXZ.
Results
Block Modeling
We propose two plate coupling models (models A and B) in this study. Model A, composed of 9 blocks, produces a mean residual velocity of 3.1 mm/yr at 116 GPS stations (including 13 IGS sites), in line with the average data uncertainty of 2.3 mm/yr ( Figure 5 ). Orientations of residual velocities are randomly distributed, suggesting that the misfit is primary associated with errors of GPS observations or local heterogeneities in deformation (Figure 5b ). Estimated Euler poles of the tectonic blocks and slip-deficit rates on faults in Luzon are listed in Tables 2 and 3 , respectively. Predicted velocities due only to rigid block rotations in two models are shown in Figure S7 . The four E-W transects of predicted velocities are shown in Figure 4a .
Here we describe estimated slip rates on the plate boundary faults in model A. Spatially variable slip deficit is only allowed along the Manila subduction zone ( Figure 6 ); all other fault segments are assumed to be fully coupled, with slip-deficit rate equivalent to the magnitude of estimated slip rate. On the Manila Trench, inferred slip-deficit vectors are roughly aligned with the long-term slip vectors ( Figure S8 ). Model A shows dominantly right-lateral slip of 10-30 mm/yr except for a few fault patches with left-lateral slip of 15 mm/yr on the northern and southern ends of the Manila Trench (Figure 6c ). The dip-slip deficit rates show a normal motion of 20 mm/yr at latitudes 18-19°N and 16°N (Figure 6d ). These areas slipping faster than the plate convergence rate may be characterized by long-term aseismic transient events spanning the entire GPS time series, although we did not find evidence for shorter-term slow slip events in the GPS time series. When aseismic transients lasting in a long time period they may appear in GPS position time series as a reduced slope
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(velocity), which may be difficult to distinguish from the signature of partial coupling [e.g., Meade and Loveless, 2009b] . Abundant normal-faulting events near the trench axis at latitudes 18-20°N (Figure 2b ) may be associated with aseismic subduction resulting in extension near trench axis . The sharp spatial variation of slip sense at latitudes 18-19°N and 16°N likely arises from the change of slab dip [Bautista et al., 2001 ] and the complex slab geometry used in this study ( Figures S3 and S4 ). We also find that the total amplitude of the long-term slip rates decreases southward from 89 mm/yr at latitude 19°N to 78 mm/yr at latitude 15°N along the Manila Trench (Figure 7bc ).
Model B (Tables 2 and 3 ) is composed of 10 blocks with a mean residual velocity of 3.3 mm/yr ( Figure 8a ) and indicated a good alignment between the rake of slip-deficit rate and the long-term motion ( Figure S9 ). The only difference between models A and B is that model B includes the NLTF, segmenting the Manila Trench, which results in thrust-sense slip deficit of 30-60 mm/yr on the Manila subduction zone (Figure 8d ). Model B shows a strong spatial variation of strike-slip deficit rates on the plate interface: 10~35 mm/yr of right-lateral slip at latitudes 16-19°N near trench axis and 10 mm/yr of left-lateral at latitudes 16-18°N on the bottom of plate interface fault (Figure 8c ).
Along the East Luzon Trough, inferred right-lateral and reverse slip rates are 6.9 ± 1.7-9.9 ± 1.7 mm/yr (Figures 7b and 9a ) and 0.2 ± 1.3-6.7 ± 1.2 mm/yr (Figures 7c and 9b) , respectively. We notice that slip magnitudes may not be well constrained due to the sparsity of GPS sites to the east of the East Luzon Trough on the Philippine Sea Plate. Some moderate earthquakes occurred over the past decades, suggesting that this structure is active (Figure 2b ).
The Philippine Fault accommodates trench-parallel motion of SP-PSP convergence and is capable of producing large earthquakes. Estimated left-lateral slip rates on the Philippine Fault system increase southward and westward. Left-lateral slip rates from north to south and east to west are 8.8 ± 1.2-9.2 ± 1.1 mm/yr on the Dalton Fault, 7.7 ± 2.1-18.9 ± 2.0 mm/yr on the Abra River Fault, and 23.3 ± 0.5-31.4 ± 1.7 mm/yr on the Digdig Fault (Figures 7b and 9a and Table 3 ). The Tubao Fault is characterized by right-lateral slip of 2.5 ± 2.8-10.5 ± 3.0 mm/yr. The abrupt variation in the sign of strike slip on the Tubao Fault may be influenced by the change of slab dip at latitudes 15-16°N ( Figure S3 ). Estimated strike-slip deficit rates on the plate interface show strong spatial variation in the same region as well (Figures 6c and 8c ) that may in fact reflect the complex slab geometry at this latitude. In addition, we calculate tensile motion along the vertically dipping Philippine Fault system. The Dalton Fault exhibits an opening motion of 1-9 mm/yr, whereas the Tubao Fault and most segments of the Abra River Fault are characterized by shortening, with rates of 4-14 mm/yr (Figures 7d and 9c and Table 3 ). We find a shortening of 6-17 mm/yr on the Digdig Fault. Inferred opening on the Dalton Fault might be related to the volcanic activity of the Central Cordillera [Balce et al., 1980] , which is bounded to the east and to the west by the Dalton Fault and Abra River Fault, respectively. Note that the opening rate on the Dalton Fault is large despite all our efforts to put a tight constraint to reduce opening rate and test different fault geometries. Inferred shortening on Journal of Geophysical Research: Solid Earth
the Abra River Fault and Tubao Fault is possibly related to a recent E-W compression inferred from geological and structural analyses [Ringenbach et al., 1990 ].
Here we describe slip rates on other major faults and in the western part of Luzon (Figures 7 and 9 and Table 3 ). The Vigan-Aggao Fault is a left-lateral wrench fault upthrust to the west, corresponding to the present-day deformation front [Pinet and Stephan, 1990] . We estimate dip-slip and left-lateral slip rates of 4-11 mm/yr and 0-9 mm/yr, respectively. Estimated fast reverse rates on this structure may reflect the cumulative slip on the Vigan-Aggao Fault and other offshore thrust faults [Hayes and Lewis, 1984] that are not considered in our model or are perhaps due to a more pronounced reverse motion at present time. On the Northern Cordillera Fault, located at the northwest termination of the Central Cordillera, we calculate left-lateral slip of 3-11 mm/yr and shortening of 2-12 mm/yr.
Moment-Deficit Rates, Fraction of Seismic Slip, and Earthquake Potential
We estimate moment accumulation rates from geodetically constrained fault slip rates obtained by our block modeling results. The moment accumulation rates along the Manila Trench from latitudes 15°N to 19°N are 5.9 ± 3.4 17.3 ± 2.1 3.7 ± 3.4 14.9 ± 2.0 11.0 ± 3.9 18.9 ± 2.0 9.9 ± 4.0 Tubao Fault 90 20 1.9 ± 3.0 11.1 ± 4.1 À3.7 ± 3.2 9.7 ± 4.6 À2.5 ± 2.8 7.5 ± 4.9 À4.8 ± 4.1 6.6 ± 5.6 Digdig Fault (DDF) 90 20 31.4 ± 1.7 11.8 ± 2.6 30.1 ± 1. À1.2 ± 1.2 8.1 ± 2.2 0.0 ± 2.0 7.1 ± 2.1 6.4 ± 1.3 17.6 ± 2.0 4.9 ± 3.8 Tubao Fault 90 20 À2.8 ± 3.1 15.0 ± 3.5 À5.5 ± 3.0 13.9 ± 3.9 À10.5 ± 3.0 10.2 ± 4.2 À8.6 ± 2.9 11.5 ± 4.7 Digdig Fault (DDF) 90 20 29.1 ± 1.6 7.0 ± 2.6 28.3 ± 1.7 10.3 ± 2.9 24.3 ± 0.5 8.9 ± 0.5 24.3 ± 0. Assuming that a future earthquake ruptures this entire section with recurrence intervals of 500 or 1000 years, the maximum moment magnitudes are 8.8-9.0 or 9.0-9.2, respectively, in models A and B ( Table 4 ). Note that we have to make assumptions about the recurrence interval due to the absence of M > 8 events since 1560 
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10.1002/2016JB013082 [Megawati et al., 2009] ; thereby predicted moment magnitudes may be different from current estimates when take into account uncertainties in recurrence intervals. We speculate that the subduction of Scarborough Seamount may interrupt the entire rupture of the Manila Trench. In fact, the region where we estimated creeping (18°N) is coincidentally located near the northern termination of the Scarborough Seamount (Figure 6d ).
Historical earthquakes with focal depths <70 km over the past century in Luzon are shown in Figure 10a [ Engdahl and Villasenor, 2002] . Events with magnitude greater than 7 have occurred near the Manila Trench, offshore western Luzon, East Luzon Trough, and on the Philippine Fault system. We calculate the largest-magnitude earthquakes on each rectangular segment assuming a recurrence interval of 100 years based on the frequency of M > 7 events ( Figure 10a ) and using estimates of geodetic moment accumulation rates from models A and B (Figures 7 and 9 ). Estimates of earthquake magnitudes are between 6.9 and 7.7 in the study area (Figures 9d and 10b) . Note that these estimates that are obtained from the assumption of M w 8.6~8.8 (t = 500~1000 years) M w 8.6~9(α = 0.25-0.5) (t = 500~1000 years) a t: the recurrence interval and α: the fraction of seismic slip.
10.1002/2016JB013082
major faults are fully locked in Luzon and do not take into account uncertainties in recurrence intervals. The maximum size of event on the Digdig Fault is M w 7.6, obtained by combining moments on several fault segments ruptured during the 1990 earthquake (Figures 9d and 10b, black lines) . The spatial distribution of dense pockets of large historical earthquakes (Figure 10a ) generally agrees with fault segments capable of generating large events (Figures 7 and 9 ).
Additionally, we calculate the earthquake slip vector from the sum of moment tensors using the method in section 4.2. In order to obtain a statistically meaningful estimation of the largest-magnitude earthquake, we consider a deformation zone 400 km in length and 480 km in width, similar to the size of the study area ( Figure 2b , black box). About 90% of earthquakes (GCMT, 1976 (GCMT, -2014 occur at depths shallower than 50 km, which would indicate the thickness of seismogenic zone in the Luzon plate boundary zone ( Figure 11 ). The sum of moments and seismic moment release rate in this region are 6.9 × 10 20 N m and 1.8 × 10 19 N m/yr, respectively (Figure 2b , top right). Assuming recurrence interval of 500-1000 years, the slip deficit could be compensated for by earthquakes with a composite magnitude of M w 8.6-8.8 (Table 4) .
We use equation (3) to estimate the boundary normal vector of 74°and the relative motion of 30.2 mm/yr in the direction of 342°on two sides of the deforming zone (Figure 2b , top right). The long-term plate motion between the SP and PSP in this area is 86-92 mm/yr in the direction of 297° (Figure 1a) , estimated using the Euler pole from our block modeling results. The slip-deficit rate inferred from the vector circuit between the long-term plate motion and the seismic slip vector suggests that a motion of 67-73 mm/yr in the direction of 280°is required to close the vector circuit (Figure 2b , top right). No great earthquakes (M w > 8) have occurred at the Manila subduction zone over the past 500 years. Assuming that recurrence interval of 500-1000 years and accumulated strain is fully released by seismic slip, the maximum slip is about 34-37 and 67-73 m, respectively, which requires earthquakes with a composite magnitude of M w > 9 to release the accumulated strain ( Table 4 ). Note that this estimate is slightly larger than M w 8.8-9.2 obtained from block modeling as the former considers accumulated strain in the entire Luzon plate boundary zone and the latter takes into account solely the accumulated strain along the subduction fault. When we calculate the sum of geodetic moments along the plate-boundary faults and major faults in Luzon, the moment accumulation rates are up to 5.8 × 10 19 N m/yr in model A and 9.9 × 10 19 N m/yr in model B. Given recurrence intervals of 500-1000 years, the accumulated strain could be balanced by earthquakes with a composite magnitude of M w 8.9-9.1 in model A and M w 9.1-9.3 in model B (Table 4) , comparable with the magnitude inferred from the vector circuit. Nevertheless, estimated moment magnitudes in our study are subject to changes when using different recurrence intervals and considering aseismic processes.
To estimate the contribution of aseismic slip on the Manila subduction zone, we adopt the method that relates the geodetic moment-deficit rate to the return period of any earthquake through the GutenbergRichter law [Avouac, 2015] . This method requires the exponent b in the Gutenberg-Richter law [Gutenberg and Richter, 1944] , which is calculated using the method proposed by Stromeyer and Gruenthal [2015] . 
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Details can be found in section 6.3. For the GCMT catalog, we obtain Gutenberg-Richter parameters for the median and 1 standard deviation of a = 5.56 ± 0.61 and b = 1.01 ± 0.10; for the PHIVOLCS catalog, we obtain a = 6.85 ± 0.41 and b = 1.10 ± 0.071 ( Figure 12 ). We use the b value from PHIVOLCS catalog and geodetic moment-deficit rates in models A and B and the equation (5) in Avouac [2015] :
where N max is the frequency of the maximum event, M 0 is the geodetic moment-deficit rate, and α is the fraction of seismic slip. By assuming various ratios of α, we obtain different straight lines and choose the lines that intersects the Gutenberg-Richer distribution at the maximum earthquake (Figure 12 ). These straight lines are characterized with the fraction of seismic slip of 0.25-0.5 (Figure 12b , top) and below 0.25 (Figure 12b, bottom) , respectively, using the moment-deficit rates from models A and B. Taking into account the fraction of seismic slip (about 25-50% in model A), estimated seismic slip is 8-17 m, assuming a recurrence interval of 500 years and 17-34 m for a recurrence interval of 1000 years. In model B, we use the fraction of seismic slip of 0.25 and estimate seismic slip of 9-18 m based on the recurrence intervals of Prior estimates of plate convergence rates between the SP and PSP along the Manila subduction zone range from 80 to 100 mm/yr and increase southward [Sella et al., 2002; Kreemer et al., 2003 ]. In our model, the actual convergence rate estimated along the Manila Trench represents relative motion between the SP and a forearc block from Taiwan to Luzon (Figure 3 ). Our estimated plate motion of PSP relative to SP shows a gradual southward increase from 83-90 mm/yr at latitude 21°N to 88-94 mm/yr at latitude 15°N (white arrows in Figure 1a ). Estimated Euler poles between SP and PSP of (65. 
Coupling and the Largest Event Along the Manila Subduction Zone
A low plate coupling ratio of 0.34 is estimated offshore western Luzon in model A (Figure 6b ). This finding generally agrees with estimates of plate coupling ratio in Hsu et al. [2012] . Nevertheless, our results provide a better spatial resolution of plate coupling due to an increase of GPS station density. We test a wide range of the strength of the smoothing constraint in section 4.1 and find that the overall distribution of plate coupling remains relatively consistent.
Using the moment-deficit rate in model A and the exponent b from PHIVOLCS catalog, we are able to plot straight lines intersecting the Gutenberg-Richer distribution at the maximum earthquake with the fraction of seismic slip of 0.25-0.5 (Figure 12b ). This estimate is roughly consistent with an average coupling ratio of 0.34 in model A. Our alternative model B, which shows predominately thrust-sense slip deficit on the plate interface, produces a coupling ratio of 0.48 (Figure 8b ). However, the estimated fraction of seismic slip is apparently smaller than 0.25 in model B (Figure 12b ). The discrepancy in characterizing the seismic potential of the plate interface arising from using different methods does not mean that the inferred coupling in model B is incorrect. Historical seismicity in Luzon does not include M w > 8 events and may not represent the seismogenic behaviors in this area over the long term. The method proposed by Avouac [2015] has implicit assumptions that interseismic coupling pattern is stationary; such that, the measured coupling over the past decade in Luzon can be extrapolated in the long run. In addition, the frequency-magnitude distribution from small to moderate earthquakes can be extrapolated to the seismogenic behavior of large events using the Gutenberg-Richter law. Avouac [2015] shows that it may be still challenging to reconcile the interseismic deformation interpreted from geodetic data with the known instrumental and historical seismicity using his method. Due to insufficient knowledge of the plate coupling along the Manila Trench, we need to consider earthquake ruptures of both scenarios viable.
We compare geodetic moment accumulation rate and seismic moment release rates along the Manila subduction zone. The geodetic estimate is 4.4 × 10 19 N m/yr (model A) and 8.6 × 10 19 N m/yr (model B), using slip-deficit rates on triangular fault patches of the Manila subduction fault located inside the black box shown in Figure 2b . The seismic moment release rate is 3.5 × 10 18 N m/yr estimated from the sum of moments for all events located within the region covered by the Manila subduction zone projected to the surface. Note that we do not specifically select the events located at the plate interface due to the uncertainties associated with hypocentral depths in the GCMT catalog. The seismic moment release rate is approximately 4-8% of geodetic moment accumulation rate at the Manila subduction zone. The discrepancy may suggest that a portion of accumulated strain is released by aseismic events (model A; Figure 6b ) or that the existing potential for occurrence of large earthquakes is high (model B; Figure 8b ). We provide models to explain these two possibilities. In model A, aseismic deformation is implied by the relatively low coupling fractions estimated on the Manila subduction interface and a dip-slip-deficit rate faster than the plate convergence as indicated by blue triangles in Figure 6d at latitudes 17-19°N. Additionally, frequent normal-faulting events near the trench axis
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(latitudes 20°N) of the northern Manila subduction zone (Figure 2b ) may be related to the bending associated with the subduction of the SP and suggest that at least a portion of accumulated strain is released by aseismic slip . Although the GPS time series do not show evidence of short-term aseismic transients, we cannot rule out the possibility of a very long term slow slip event that spans the entire time series [Tsang et al., 2015; Li et al., 2016] . In model B, the plate interface is half-coupled and requires large slip events to balance the moment budget on the Manila subduction zone (Figure 8b ).
Recurrence Intervals of Large Subduction Earthquakes
In section 5.2, we estimate that the upper bound of the largest subduction zone event is close to M w 9 in the entire Luzon plate boundary zone, with a recurrence interval of 1000 years. This estimate is based on multiple simplifying assumptions because of limited knowledge in this area. The recurrence intervals for events along the subduction zone are estimated by fitting the Gutenberg-Richter model [Gutenberg and Richter, 1944] . We utilize a method that considers changes in completeness with time, requires predefined maximum magnitudes, and explicitly propagates the uncertainties of the Gutenberg-Richter parameters (a and b values) using their covariance matrices to the rate estimates [Stromeyer and Gruenthal, 2015] . This method enhances the formulations proposed previously [Weichert, 1980; Johnston, 1994; Coppersmith et al., 2009] . We estimate the recurrence times from two earthquake catalogs, the GCMT catalog and the PHIVOLCS earthquake record (Table 5) . We choose to select the GCMT catalog as it delivers consistently determined moment magnitudes with a disadvantage of covering only the period of 1976-2014. The PHIVOLCS catalog, in contrast, offers data for the period of 1900-2014 with the disadvantage of providing a diverse set of magnitudes that need to be converted to M w for comparison reasons.
We perform several processing steps that are detailed in Text S10. In short, we select events within a swath around the interface geometry and with time-varying completeness levels and then decluster with a window-based declustering algorithm [Gardner and Knopoff, 1974] as generally performed when modeling recurrence rates for seismic hazard assessment.
We estimate parameters of the Gutenberg-Richter relationship (a and b) following Stromeyer and Gruenthal [2015] for the GCMT and PHIVOLCS catalogs (Table 5 ) and display the results in Figure 12 : median estimates (red) as well as 1 (blue) and 2 (green) standard deviations for the modeled activity rates are displayed. It is well observable that uncertainties are smallest for the magnitude range that contains the most data (5.2 to 7.0) and that large uncertainties are obtained in the regions of extrapolation, in particular for M w > 8.0, i.e., for any of the largest-magnitude event on this structure. We note that uncertainties for the GCMT catalog are larger compared to the PHIVOLCS data due to the smaller data coverage. Converting these parameters to recurrence estimates, we however find results that are comparable and consistent.
The average recurrence time for an M w ≥ 8 event is on the order of 611 ± 300 years (PHIVOLCS) and 822 ± 700 years (GCMT), for an M w ≥ 8.5 event 2423 ± 2000 years and 2831 ± 3000 years (Table 6 ). Recurrence for M w ≥ 9.0 are on the order of 12,000 years, with lower bounds at a few thousand years. The seismicity records do not constrain well these recurrence times as uncertainties are on the order of the estimate itself. The seismicity-based estimates of recurrence intervals from the two different catalogs are, despite using different processing steps, in good agreement. Performing the computations without removing seismicity by a declustering algorithm indicates that recurrence times would be even larger as b values increase to about 0.5 without being compensated by the overall activity, thus resulting in an even more pronounced difference compared to the GPS-derived moment estimates.
The magnitude-frequency distribution using the PHIVOLCS catalog (Figure 12b ) is consistent with the method proposed by Avouac [2015] , using the moment-deficit rate from model A (Figure 12b , top), judging from a good alignment of modeled straight lines and the distribution of large earthquakes. However, the result is less satisfactory when we use the moment-deficit rate from model B (Figure 12b, bottom) . The straight lines derived from a wide range of fraction of seismic slip (0-1) do not intersect the magnitudefrequency distribution of large earthquakes. In addition, we find that geodetic moment-deficit rates derived from either models A or B cannot fit the magnitude-frequency distribution using the GCMT catalog (Figure 12 a), perhaps due to a larger uncertainty and fewer events compared to the PHIVOLCS catalog. However, the paucity of M w > 8 events in Luzon may suggest that the b value estimated from available instrumental seismic catalogs cannot be extrapolated in the long run. Even though we find good agreement between the magnitude-frequency distribution in the PHIVOLCS catalog and the method proposed by Avouac [2015] , it does not necessarily mean that this relationship sustains over a geologically long time horizon.
If the geodetic moment rate of 4.4 × 10 19 N m/yr (model A) and 8.6 × 10 19 N m/yr (model B) at latitudes 15°N to 19°N on the Manila subduction zone accumulates steadily over the average recurrence intervals of 700 and 2600 years, respectively, for M w ≥ 8 and ≥8.5 events (Table 6 ), the cumulative moments are equivalent to~M w 8.9-9.3 and~M w 9.1-9.5 events, respectively, using geodetic moments from models A and B. Thus, we find a discrepancy between the geodetically inferred moment accumulation rates and the recurrence intervals estimated from seismicity catalogs as indicated in previous works [Ward, 1998a; Ward, 1998b; Meade and Hager, 2005] . While such a discrepancy is often observed, it is unsatisfying in particular when considering that highly relevant information is likely included also in the short seismicity record of a region [Tormann et al., 2014; Tormann et al., 2015] . It may imply either missing large events in the past historical record, inaccurate estimates of complete reporting periods, and/or oversimplified assumptions in inferring slip rates from geodetic observations, including the assumption of temporal stability.
Fault Slip Rates
Our estimates of fault slip rates from a block model provide details on slip partitioning along the Philippine Fault system. The left-lateral slip rates on the major splay faults of the Philippine Fault in central Luzon (latitude~17°N) increase westward: sinistral slip rates are 9 mm/yr on the Dalton Fault and 7-19 mm/yr on the Abra River Fault (Figures 7b and 9a) . The left-lateral slip rate on the Digdig Fault is 24-31 mm/yr. Due to sparsity of GPS data, Galgana et al. [2007] calculated a single fault slip rate for the Philippine Fault and showed a southward increase from 17-27 mm/yr to 29-40 mm/yr. Using a two-dimensional elastic-half space dislocation model and GPS interseismic velocities from 1996 to 2008, Yu et al. [2013] estimated the left-lateral slip rates on the Philippine Fault to increase southward from 22 to 37 mm/yr. The sum of slip rates on all northern branches of the Philippine Fault is about 21-24 mm/yr, and the estimated slip rate is 24-31 mm/yr on the Digdig Fault in our model. These estimates are generally consistent with previous estimates of 17-27 mm/yr and 29-40 mm/yr on the northern and southern Philippine Fault [Galgana et al., 2007; Yu et al., 2013] . The overall magnitudes of slip rates are smaller in our block models because we assume that the plate boundary zone spans multiple faults rather than a single strand of the Philippine Fault alone.
On the other hand, geological and paleo-seismological investigations suggest that the slip rate on the Philippine Fault near the 1990 rupture ranges from 9 to 17 mm/yr, with an earthquake recurrence interval of about 300-400 years [Daligdig, 1997] . The geological slip rate is slower than our estimate of~28 mm/yr on the Digdig Fault. A discrepancy between geologic rates and our rates is a bit more complicated, and it may suggest a temporal change in the fault slip rate, if both geologic rates and the block model results are measuring the actual slip rate on the fault. For example, the geodetically constrained slip rate may be contaminated by the postseismic deformation of the 1990 M s 7.8 earthquake . In northern 
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Luzon, Galgana et al. [2007] inferred oblique sinistral-normal slip of 17-37 mm/yr on the Northern Cordillera Fault that is much larger than our estimate of 4-11 mm/yr (Figures 7b and 9a) . This difference can be explained by a difference in assumed fault geometry in northern Luzon, such as our inclusion of the Abra River and Vigan-Aggao Faults, which were not considered in Galgana et al. [2007] .
Conclusions
Using block models constrained by interseismic GPS velocities in Luzon, we find a southward decrease of long-term slip rates along the Manila Trench from 90-100 mm/yr at the northwestern corner of Luzon to 65-80 mm/yr near the southern termination of the Manila Trench. The geodetic moment accumulation rates are 4. 4 × 10 19 N m/yr in model A and 8.6 × 10 19 N m/yr in model B from latitudes 15°N to 19°N along the Manila subduction zone. Model A shows that the subduction fault is partially locked with coupling fraction of 0.34, whereas model B shows a coupling ratio of 0.48 and implies that the NLTF is a major structure in the fore arc that segments the Luzon Trough. Assuming a temporally constant moment accumulation rate, rupture of the entire subduction interface would be equivalent to a M w 9 earthquake assuming recurrence intervals of 500-1000 years. Major faults in Luzon are fully locked and capable of generating earthquakes with moment magnitudes of M w 6.9-7.6. The observed seismic moment release rate is 3.5 × 10 18 N m/yr in the Luzon plate boundary zone, approximately 4-8% of the geodetic accumulation moment along the Manila subduction zone. Using the long-term plate convergence and the seismic slip vector derived from earthquake moment tensors, the slip-deficit rate is 63-73 mm/yr in the Luzon plate boundary zone. Estimating recurrence intervals from earthquake catalogs shows increasing uncertainties with increasing earthquake magnitudes and a discrepancy between the geodetic and seismic moment releases for larger events (M w >8.0).
